Shortcut nitrification has been successfully applied in a laboratory scale nitrification-denitrification process consisting of an up-flow anaerobic sludge blanket (UASB) and an aerobic membrane bioreactor (MBR) in treating synthetic and municipal wastewater to simultaneously remove organic carbon and nitrogen. For the treatment of synthetic wastewater, the combined system exhibited a high TOC removal of 98% with a steady ammonia removal efficiency of about 98% in the MBR and a total nitrogen (TN) removal efficiency of 90%. In treating municipal wastewater, due to its low COD concentration, removal efficiencies of TOC, ammonia and TN were 70%, 98% and 60%, respectively. The biogas production was around 76.4 L/m 3 wastewater when treating synthetic wastewater. However, little biogas was produced when treating municipal wastewater which was the result of low organic carbon loading to the UASB. Energy analysis has demonstrated that this novel shortcut nitrification process could consume less energy than a conventional process and have the potential of bio-energy generation via biogas production thus helping to achieve a more favorable energy balance.
INTRODUCTION
The energy crisis and environment deterioration are two of the pressing problems the world is facing today. Thus, the simultaneous production of bio-energy and nutrient removal in wastewater treatment have been given much attention over the last decade. Anaerobic treatment of wastewater can provide several benefits, such as lower energy cost, less sludge production, better sludge characteristics providing easy dewatering, and a favorable energy balance due to biogas production. Additionally, anaerobic treatment of wastewater will also reduce green house gas emission (Perry 2007) . However, because of poor nutrient removal and incomplete carbon reduction, effluent from the UASB and generally effluent from anaerobic reactors rarely comply with stringent effluent discharge specification or can be reused directly in a water reclamation plant. These also have been considered some of the negative factors preventing anaerobic biological technology from widespread practical application (Noike et al. 2004; Fricke et al. 2007; Uludag-Demirer et al. 2008) . The application of membrane separation techniques allows excellent biosolids separation that can achieve superior effluent quality with a smaller footprint and absolute retention of all microorganisms which ensures a complete separation of the hydraulic retention time (HRT) and sludge retention time (SRT). An et al. (2008) has developed an integrated UASB and MBR process which provided a possibility to perform nitrification and denitrification via nitrite rather than nitrate, which is called a ''shortcut nitrification-denitrification process''. In this process, it is convenient to produce a partial nitrification up to nitrite and then denitrification initiated from this nitrite (Figure 1 , Ciudad et al. 2005) . The pre-UASB is specially designed not only to retain a high carbon level for denitrification via nitrite and for methanogenesis but also ensure low C/N ratio effluent feeds to the MBR to perform partial nitrification. This hybrid technology has attracted attention because it offers several advantages over conventional biological nitrogen removal via nitrate, such as 25% saving in oxygen consumption theoretically, 40% less carbon demand in the denitrification process, 1.5-2.0 times higher denitrification rate, lower sludge production (33B35% less in nitrification process and 55% less in denitrification process) and 20% less CO 2 emission (Van Kempen et al. 2001; Peng & Zhu 2006) . The objective of this study was to develop a simultaneous carbon and nitrogen removal process with low energy cost and a high quality effluent for water reclamation from municipal wastewater.
METHOD Experimental setup
A laboratory scale shortcut nitrification-denitrification system consisting of an up-flow anaerobic sludge blanket (UASB) and an aerobic membrane bioreactor (MBR) is shown in Figure 2 . It consisted of 2 units, a UASB unit and an aerobic low sludge concentration MBR unit. The pre-UASB unit was a cylindrical tank with a conical shaped bottom. A threephase separator was installed at the top of the tank to separate the biogas from the mixed liquor as well as to retain suspended particles in the reactor. An overflow line was located above the three-phase separator, which was connected to the aerobic MBR. In the aerobic MBR unit, a flat-sheet membrane module was placed into the MBR. Membrane permeate was continuously removed from the MBR by a suction pump. The MBR mixed liquor was recirculated to the bottom of the UASB by a pump. The permeate flow rate was regulated by a level sensor so as to be the same as the feed flow rate.
Feed composition
Both synthetic wastewater and municipal wastewater were used as the feed in this study. 
Operating conditions
The system was operated using the optimal parameters which were achieved in a previous study .
Analytical methods
Total organic carbon (TOC) and total nitrogen (TN) were analyzed using a TOC/TN analyzer (Shimadzu, TOC/YN VCSH, Japan). The biogas production was measured by method of downward water displacement. Methane in the biogas was determined by gas chromatography (Agilent, 6890 N, USA) using a flame ionization detector. 
Energy conservation analysis
As energy saving is the main advantage of this UASB-MBR shortcut nitrification-denitrification process, a preliminary energy analysis was conducted to compare it against the activated sludge process. Energy input was considered only for the feed pumps and aeration. A daily treatment capacity of 5 m 3 (the treatment capacity of the pilot scale system) was used. Ammonia concentration was assumed constant (30 mg/L) and COD concentration was considered a variable in the feed wastewater to study the energy balance in treating various organic carbon loads. A conversion factor of 3.45 kg O 2 /kg NH þ 4 -N was used to estimate the oxygen consumption in the shortcut nitrification process. For the activated sludge process, 1.1 kg O 2 /kg BOD 5 removal was assumed (Lee & Lin 2000) . A BOD/COD ratio of 0.75 was used (Tchobanoglous et al. 2003) . Figure 3 shows the performance of TOC removal for the operation with synthetic wastewater and municipal wastewater. In both experimental runs, the UASB was the main TOC removal pathway. MBR further decreased TOC and maintained a low and stable permeate TOC concentration. Over 98% TOC removal was found in the treatment of synthetic wastewater with permeate TOC concentration lower than 2 mg/L. In the treatment of municipal wastewater, about 70% TOC removal was achieved with permeate TOC concentration of around 5 mg/L. This may be caused by the low influent TOC concentration (about 20 mg/L) and the presence of recalcitrant organic matter in the municipal wastewater compared to the synthetic wastewater (Orhon et al. 1997) .
RESULTS AND DISCUSSION
The ammonia removal and partial nitrification achieved in the MBR are shown in Figures 4 and 5, respectively. As shown in Figure 4 , up to 98% NH 4 þ -N removal was achieved for both runs with synthetic and municipal wastewater and the permeate NH 4 þ -N concentration was lower than 1 mg/L.
In terms of partial nitrification ( Figure 5 ), the treatment of synthetic wastewater was found to achieve more than 95% nitrite production which indicates that shortcut nitrification via nitrite was the main pathway for NH 4 þ -N conversion in MBR. It was reported that stable maintenance of partial nitrification is usually very difficult in a long term operation (Bae et al. 2001; Peng et al. 2007) . In the present study, stable partial nitrification could be maintained via the specific control conditions which included an optimal pH range from 7.8 to 8.2 and a DO concentration of 4 mg/L. The DO concentration in the present study is higher than the reported optimal values (0.7 to 1.5 mg/L) from other nitrification systems (Bae et al. 2001; Ciudad et al. 2005; Ruiz et al. 2006) . Although lower DO was found to further increase the nitrite accumulation in our system, the overall ammonia removal was low at the decreased DO levels. Thus DO concentration of 4 mg/L was considered as the optimal aeration control in the present study. However, partial nitrification in the treatment of municipal wastewater was found to achieve only 50% nitrite production. TOC/NH 4 þ -N ratio could be the factor which possibly contributed to the lower nitrite production in the treatment of municipal wastewater. TOC/NH 4 þ -N ratios of the influent to MBR were 0.61 and 0.93 for synthetic and municipal wastewater, respectively. Although the TOC of UASB effluent was low for both cases, the TOC/NH 4 þ -N ratio in the UASB effluent in the treatment of municipal wastewater was found to be 52% higher than that in the treatment of synthetic wastewater. It has been suggested that nitrite is more readily accumulated at low C/N ratios Chiu et al. 2007) . As the operational conditions for both cases were the same, the lower nitrite production in treating municipal wastewater could be attributed to the elevated C/N ratio. Figure 6 shows the TN removal performance in the combined system. The treatment of synthetic wastewater showed better removal efficiency in TN compared to the treatment of municipal wastewater. Stable TN removal was found after 5 days of operation in the treatment of synthetic wastewater. Up to 90% TN removal was achieved in the treatment of synthetic wastewater with an effluent TN concentration of about 5 mg/L. Around 60% TN was removed in the treatment of municipal wastewater with an effluent TN concentration of about 10 mg/L. A 98% nitrification rate was found in both experimental runs with synthetic wastewater and municipal wastewater. A lower TN removal in the treatment of municipal wastewater was probably attributed to the incomplete denitrification in the UASB. The average NO x À -N concentrations of the UASB influent and effluent in treating municipal wastewater was 9 and 5.5, respectively. Only 30% of NO x À -N was removed through denitrification.
The low denitrification rate in treating municipal wastewater may be due to the low C/N ratio of the feed water although COD/NO x À -N ratio ranging from 2.5 to 6.0 enables complete NO x À -N reduction to elemental nitrogen (Monteith et al. 1979; Narkis et al. 1979; Skrinde & Bhagat 1982; Tseng et al. 1998; Yang et al. 1995) . In this study, the TOC/NO x À -N ratio in the influent of UASB was about 1.1, corresponding to COD/ NO x À -N ratio of about 3 which was near the lower end of the reported range and it would appear that organic carbon in the municipal wastewater was not sufficient for the complete denitrification. In synthetic wastewater treatment, the TOC/ NO x À -N ratio in the influent of UASB was about 4.8, corresponding to COD/NO x À -N ratio of about 14. The organic carbon was more than enough for the complete denitrification in UASB and no detection of NO x À -N in the effluent of UASB confirmed that all the NO x À -N had been converted to elemental nitrogen through denitrification. Biogas production from UASB was monitored. Approximately 76.4 L/m 3 wastewater biogas production was detected in treating synthetic wastewater with feed organic carbon concentration at 150 mg TOC /L. The amount of biogas production was expected to be less when treating municipal wastewater, with a very low organic carbon content, as it only contained around 20 mg TOC /L. However, the amount of biogas produced with municipal wastewater as feed only ranged from 0.1 to 0.7 L/m 3 wastewater, which was much lower than the expected amount. As denitrification is a preferential pathway for organic carbon utilization in the UASB rather than methanogenesis when denitrification via nitrite is proceeding in the UASB (El-Mahrouki & WatsonCraik 2004; Evren Tugtas & Pavlostathis 2007; An et al. 2008) , the result indicated that denitrification in UASB was incomplete with low organic carbon feed, thus only limited amount of organic carbon was available or could be utilized by methanogenesis. For the synthetic wastewater, the TOC/ NH 4 þ -N ratio was around 5.5. Sufficient amount of organic carbon was available and utilized for complete denitrification via nitrite while retaining sufficient organic carbon for methanogenesis in biogas production. However, TOC/NH 4 þ -N ratio of municipal wastewater, around 0.6, was about one tenth of the synthetic wastewater. With this low TOC/NH 4 þ -N ratio feed, only limited amount of residual organic carbon was available for methanogenesis and as a consequence a very low biogas production was found in the treatment of municipal wastewater. In consideration of energy conservation through the wastewater treatment process, it is suggested that wastewater with relatively high C/N ratio would be preferred. Although little biogas was produced in treating wastewater with extremely low C/N ratio by the short-cut nitrification process, it could still be a better choice than the conventional wastewater treatment process as less carbon and energy are required (Van Kempen et al. 2001; Peng & Zhu 2006) . The results of the energy conservation analysis of the shortcut nitrification and conventional processes are shown in Figure 7 . It indicated that a net energy gain can be achieved with the shortcut nitrification process from bio-energy production through the anaerobic process. For the conventional process, a negative energy balance was achieved with energy consumption increased with the increase of the daily treatment capacity. However, if the daily treatment capacity was below 0.1 kg COD/d as indicated by critical point 1, less energy was required by the conventional process. For a daily treatment capacity beyond 1 kg COD/d, the shortcut nitrification process can achieve positive energy balance which was indicated as critical point 2. According to these two critical points, daily treatment capacity in Figure 7 can be separated into 3 zones. If the daily treatment capacity is below 0.1 kg COD/d, both treatment processes will only achieve a negative energy balance and less energy is required by the conventional process. Although shortcut nitrification process consumed less energy compared to the reference process between 0.1 and 1 kg COD/d, net energy balance is still negative. When the treatment capacity is above 1 kg COD /d, net energy gain can be achieved by the shortcut nitrification process. Figure 7 shows that the municipal wastewater had a COD loading of around 0.5 kg COD/d which was beyond the critical point 1. Energy conservation of the shortcut process was better than the reference process when treating municipal wastewater. For the synthetic wastewater, the COD loading was around 2.4 kg COD/d which was beyond critical point 2 and the shortcut process could achieve energy self sufficiency.
CONCLUSION
A combined system consisting of a UASB and an aerobic MBR was demonstrated with the synthetic and municipal wastewater in the reported study. Shortcut nitrification-denitrification was successfully applied in the combined system for nitrogen removal. Energy can be produced in the form of methane gas due to the use of an anaerobic process. An energy analysis showed the shortcut process could provide much better energy efficiency except for the treatment of wastewater with extremely low COD content.
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